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ABSTRACT 

This  study  pros*. 'tits  the  results  ol  tesls  ol  riyul,  solid,  splterical, 
tluee  dimensional  stress  cells  lor  measuring  the  complete  stale  ol  sliess 
at  a  point  in  a  soil  held  under  slatu  or  dynamic  loading.  In  addition,  a 
theory  is  presented  lor  defining  the  behavior  ol  a  spherical  stress  cell 
emliedded  m  nonlinear  matenals.  The  lest  results  indicate  that  the  stress 
cells  are  excellent  to  making  static  measurements  in  sand  but  that  their 
adequacy  lor  dynamic  measurements  requires  lurther  evaluation. 
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loading.  In  addition,  a  theory  is  presented  for  defining  the  behavior  of  a  spherical  stress  cell 
embedded  in  nonlinear  materials.  The  test  results  indicate  that  the  stress  cells  are  excellent  for 
making  static  measurements  in  sand  but  that  their  adequacy  for  dynamic  measurements  requires 
further  evaluation. 
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INTRODUCTION 
Purpose  and  Scope 

The  purpose  of  this  research  is  to  evaluate  the  response  of  rigid,  solid, 
spherical  stress  cells  developed  at  the  Naval  Civil  Engineering  Laboratory 
(NCEL)  to  measure  the  complete  state  of  stress  at  a  point  in  a  granulai  soil. 

A  theory  defining  the  behavior  of  spherical  stress  cells  embedded  in  materials 
(laving  nonlinear  properties  is  presented.  Results  of  tests  on  four  stress  cells 
made  from  phenolic  plastic  billiard  balls  (cue  balls)  are  reported.  Each  ol  the 
four  stress  cells  was  tested  hydrostatically  in  water  and  statically  in  a  well- 
graded  sand.  Two  of  the  stress  cells  were  tested  in  beach  sand  under  a  high- 
explosive  environment  at  the  Naval  Missile  Center,  Point  Mugu,  California. 

In  addition,  results  from  dynamic  tests  of  one  stress  cell  that  was  tested  dining 
the  preliminary  evaluation1  ore  presented.  This  study  was  sponsored  by  the 
Defense  Nuclear  Agency  (formerly  the  Defense  Atomic  Support  Agency), 

Analysis  of  Problem 

One  of  ttie  deterrents  to  further  advances  in  understanding  the 
interaction  between  a  buried  structure  and  the  soil  is  the  lack  of  knowledge 
about  the  induced  stresses— particularly  those  near  the  buried  structure. 
Gaining  such  information  requires  a  reliable  soil  stress  cell.  Unfortunately, 
accurate  measurement  of  soil  stresses  is  difficult  because  soil  stress  gages 
generally  do  not  behave  like  the  soil  they  replace.  Furthermore,  the  soil 
surrounding  the  gage  is  disturbed  during  installation,  and  the  behavior  of  the 
recompacted  soil  is  different  from  that  of  the  undistuibed  soil. 

Most  stress  gages  measure  normal  stresses  in  one  direction  only  and 
do  not  respond  accurately  on  unloading.  In  addition,  no  existing  gage  can 
accurately  measire  the  shear  stress  in  a  soil  field.  Most  soil  gages  consist  of 
a  flexible  diaphragm  supported  on  a  rigid  base.  Measuied  deformation  or 
strain  of  the  diaphragm  from  such  a  gage  is  related  theoretically  to  the  applied 
pressure.  Because  of  mechanical  imperfections  induced  during  fabrication, 
the  gages  are  usually  calibrated  unde-  uniform,  externally  applied  fluid  pies 
sure  to  account  for  the  difference  between  theoretical  and  actual  gage  behavior. 
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riit!  accuracy  o I  stress  measurements  liorn  a  soil  gage  depends  on  l lie 
interaction  helween  Hie  gage  and  the  soil.  When  emliedderl  in  soil,  the  gage 
will  <irl  .is  a  slit  I  inclusion,  ;i  soli  inclusion,  or  a  combination  ol  Ihe  two, 
dependnui  upon  Hie  relative  stillness  between  Ihe  ()<i(je  and  Ihe  soil.  A  soil 
inclusion  causes  the  stresses  in  the  soil  field  lo  move  away  horn  Ihe  inclusion, 
whereas  a  still  inclusion  attracts  stresses  in  the  soil  held.  As  is  well  known, 

Ihe  modulus  ol  deformation  ol  soil  is  not  a  unique  value,  even  lor  a  single 
soil;  H  varies  wi til  stress  level,  relationship  between  lateral  and  normal  stresses, 
moisture  content,  mle  of  lo.i  ling,  and  other  parameters.  The  oiler  live  modu¬ 
lus  ol  dolor  mutton  lor  a  soil  gage,  by  contrast,  usually  is  a  constant  within 
its  range  of  operation.  The  modular  ratio  (the  ratio  ol  the  modulus  ol  soil 
stress  gage  lo  the  modulus  ol  the  soil  in  which  the  gage  is  embedded)  changes 
with  the  magnitude  ol  loading — a  change  which  has  a  maiked  elfecl  on  the 
gage  t  espouse.  Consequently,  Hie  registration  ratio  of  a  gage  (Ihe  ratio  ol  1 1  re 
gage  output  while  embedded  in  soil  tinder  a  known  piessute  to  the  output  of 
the  sat  ie  gage  when  subjected  to  an  identical  Hind  piessute)  decreases  as  Ihe 
soil  stiffness  increases.  Gages  are  commonly  embedded  in  soil  and  calibrated 
in  the  lahoiatoiy  to  account  lot  changes  in  registration  ratio.  Even  under 
controlled  lahoiatoiy  conditions,  howevet,  gage  response  is  highly  sensitive 
to  gage  embedment  procedures. 

In  short,  the  response  ol  soil  stress  gages  is  usually  sensitive  to  methods 
ol  installation,  to  changes  in  soil  silliness,  and  lo  olhet  soil  properties  that 
vaiy  with  load.  T  here  is  a  need  lor  a  gage  that  is  insensitive  to  these  (actors. 
The  following  paragraphs  present  a  theoietical  bases  and  the  evaluation  ol  a 
three-dimensional  (3  D)  soil  gage  that  meets  most  ol  the  indicated  loqiiite 
men  ts. 

Background 

In  1949,  Coutinho  presented  a  theory  relating  Ihe  principal  stiesses 
in  a  lelulively  rigid  spher  ical  inclusion  lo  those  in  the  encompassing  solid 
(host  material).2  Coutinho’s  solution  was  based  on  Goodiet 's  closed  lormed 
elastic  solution  lor  a  sphere  embedded  in  an  infinite  solid.3  According  lo 
Coutinho,  the  stress  concentration  factor  lot  Ihe  inclusion  is  essentially  a 
constant  il  the  modulus  of  elasticity  is  fourot  live  times  the  cotresponding 
value  for  the  suirounding  solid.  He  suggested  that  the  theory  be  used  to 
develop  a  stress  cell  for  use  in  freshly  poured  concrete.  Such  a  cell  would  he 
useful  because  the  stiffness  properties  ol  the  concrete  dining  Ihe  hardening 
of  Ihe  cement  are  not  known. 
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II  the  principal  stresses  and  Iheii  dilections  in  the  host  mater  i;il 
are  known,  Continho's  theory  can  he  applied  to  obtain  stress  measurements 
in  materials  having  nonlinear  stillness  properties.  Unfoi  Innately,  the 
priiu.ipal  stresses  and  their  duet  lions  aie  generally  not  known  beforehand 
in  most  experiments.  The  application  ol  Continho's  theory,  theieloie,  is 
limited  to  situations  where  the  principal  stiesses  and  their  direr  lions  are 
known. 

In  1909,  the  author  developed  a  theory  that  relates  the  complete 
slate  ol  stress  inside  a  spher  it  at  inclusion  to  the  corresponding  state  ol 
sir  ess  in  the  host  elastic  solid  through  use  ol  results  Itom  the  finite  element 
analyses  ol  a  sphei  ical  inclusion  embedded  in  an  elastic  solid.  Subsequently, 
,i  stress  cell  was  lain icated  horn  plastic  cue  halls  and  subjected  to  static 
and  dynamic  tests.  Results  from  the  preliminary  tests1  wet e  encouraging, 
hut  because  the  test  results  were  lor  one  stiess  cell  only,  the  preliminary 
test  results  were  not  considered  conclusive. 

Approach 

The  solid  sphere  was  chosen  because  its  i espouse  is  independent 
of  its  placement  ot  imitation,  l!  has  no  sharp  comets  to  cause  stiess  giodi 
en  Is  within  ilselt.  Furthermore,  strains  near  the  center  ol  the  solid  sphei  e 
aie  not  sensitive  to  localized  loads  on  the  outer  stir  lace  ol  the  sphere. 

A  spherical  stiess  cell  will  act  as  a  ngid  or  a  soil  iiu  litsion,  depend 
iny  on  the  relative  stillness  between  the  stress  cell  and  the  suiioutuling 
soil.  II  the  stiess  cell  is  made  from  a  relatively  low-modulus  matei  ial, 
measured  deformations  of  the  cell  along  selected  directions  must  be  related 
to  corresponding  stresses  in  the  soil.  Such  a  relationship  can  he  established 
only  by  elaborate  laboratory  calibrations.  The  stiess  teliel  laetoi  (the 
ratio  ol  the  stress  in  the  inclusion  to  the  corresponding  stiess  in  the  soil) 
for  a  low-modulus  inclusion  is  very  sensitive  to  changes  in  soil  modulus, 
which  varies  with  the  stale  ol  stress  in  the  soil.  This  sensitivity  makes 
laboratory  calibration  vety  difficult,  if  not  impractical.  Fut thetmote,  a 
low-modulus  material  will  not  oiler  sufficient  protection  against  shock  to 
the  fragile  sensing  elements  when  the  stress  cell  is  used  to  obtain  dynamic 
measurements.  The  foregoing  consideinlions  pteclude  the  use  ot  low- 
modulus  matei  ial  (01  a  stress  gage.  Rather,  aielatively  rigid  material  appeals 
to  oiler  more  promise. 
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THEORY 


Finite  Element  Analysis 

Analyses  of  a  sphere  embedded  in  a  solid  were  per  formed  fry  usiny 
a  linear  elastic,  finite  element  computer  program  for  axisymmelric  struc¬ 
tures.4  The  solid  and  the  inclusion  were  assumed  to  be  linear  elastic, 
isotropic,  and  homogeneous  throughout  the  analyses.  Furthermore,  the 
solid  was  idealised  as  a  cylinder  with  a  sphere  embedded  in  its  center 
(Figure  1).  Outer  boundaries  of  the  cylinder  were  located  far  enough  away 
from  the  surface  of  the  inclusion  that  the  inclusion  would  respond  as  if  it 
were  embedded  in  an  infinite  solid.  Because  of  structural  symmetry,  only 
one  quadrant  of  the  cross-sectional  area  was  analyzed.  The  solid  and  the 
inclusion  were  idealized  as  an  assemblage  of  quadrilateral  ring  elements. 

Ninety  ring  elements  (not  shown  on  Figuie  1)  were  used  to  represent  die 
spherical  inclusion  to  ensure  good  definition  of  stress  variation.  Continuous 
displacements  were  maintained  along  all  element  boundaries.  The  inclusion 
was  assigned  a  modulus  of  elasticity  Ec  and  a  Poisson's  ratio  i>c.*  Corres 
ponding  values  assigned  to  the  solid  were  Eh  and  r>h.  Tfie  idealized  structure 
was  loaded  with  a  uniformly  distributed  pressure  on  lop  in  the  Z -direction. 
Displacements  at  the  nodal  points  and  the  stresses  at  the  center  of  each 
element  wete  printed  by  the  computer  from  the  output  of  the  finite  element 
program. 

A  series  of  solutions  lor  the  solid  inclusion  problem  were  obtained 
by  holding  the  modulus  of  elaslicily  and  Poisson's  ratio  for  the  inclusion 
constant  and  varying  the  corresponding  values  lor  the  solid.  Results  ol 
these  calculations  indicate  that  the  inclusion  has  negligible  influence  on  the 
stresses  in  the  cylinder  at  radial  distances  (measured  from  tfie  surface  of  the 
inclusion)  greatei  than  five  times  the  inclusion  radius.  The  shear  stress 
within  the  inclusion  is  zero.  Furthermore,  the  stress  along  any  direction  in 
the  inclusion  is  a  constant  and  does  not  vary  with  radial  distance. 

From  the  results,  a  family  of  stress  concentration  curves  weie  obtained 
for  the  solid-inclusion  problem  (Figures  2  and  3).  The  direct  stress  con 
centration  factors,  Cs  (shown  in  Figuie  2)  were  obtained  by  dividing  the 
normal  stress  in  the  inclusion  in  the  direction  ol  the  applied  load  by  the 
applied  stress.  The  lateral  stress  concentration  factors,  Cc  (shown  in 
Figure  3)  were  obtained  by  dividing  the  stress  in  the  inclusion  in  a  dilection 
normal  to  the  applied  load  by  the  applied  stiess. 


See  foldout  list  of  symbols  aftoi  References. 


c  »  inclusion 
h  >  host  material 

I  ■  «  I  »  <  ■  i  ■  ■  1  i  i  »  « 
20  30 

tio,  Ec/Eh 


factor,  Cs. 


The  str ess  concentration  curves  in  Fiyures  2  and  3  show  that  the 
stress  concentration  tat  tors  are  insensitive  to  changes  in  stillness  ol  the  solid 
lor  modular  ratios  Ec/E(l  yr eater  than  10.  This  means  that  stress  measure¬ 
ments  obtained  horn  a  spherical  sliesscell  (made  Itoni  a  material  having  a 
modulus  of  elasticity  about  10  times  larger  than  the  maximum  soil  modulus) 
in  soil  will  not  he  affected  by  changes  in  the  soil  modulus.  Howevei ,  the 
following  assumption  must  Inst  he  made'  1  he  instantaneous  stillness  pro 
per  ties  ot  a  given  soil  can  he  represented  by  a  modulus  ol  elasticity  and  a 
Poisson’s  lalio.  This  assumption  should  he  valid  lor  most  soils  and  materials 
that  exhibit  nonlinear  stillness  properties,  because  any  nonlinear  stiess 
strain  curve  may  he  approximated  by  a  set  les  ol  shot  t  linear  segments. 

The  stress  concentration  curves  can  he  used  as  the  basis  lot  levelopiny 
a  3  D  sliesscell.  Understandably,  the  spheiical  sliesscell  must  he  made 
horn  a  material  that  (1)  responds  linearly  and  elastically  in  the  loading  lange 
considered  and  (2)  has  a  modulus  ol  elasticity  <. oout  10  times  larger  than 
the  maximum  effective  soil  modulus  in  the  same  loading  range.  A  stress 
cell  with  these  features  would  require  no  calibration.  A  theory  that  telales 
the  complete  slate  of  stress  in  the  inclusion  to  that  in  the  soil  must  be 
established. 
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Stress-Strain  Relationship  for  Spherical  Inclusion.  Thu  comp l<  >• 
state  ol  stiess  iii  the  inclusion  can  lie  detei  mined  ft  urn  six  iiulepundun  "!>  n«, 
components.  In  a  leelangulai  cooidmate  system,  the  stiess  and  stiai'  cmii 
ponents  at  a  point  in  a  continuum  aie  lelated  hy: 


oXc  =  Xe  +  2Gcx  (1) 

oYc  =  Xe  +  2GcY  (2) 

azc  =  Xe  +  2Gcz  (3) 

txyc  =  GTxy  (4) 

tyzc  =  G>vz  (5) 

rzxc  =  GTzx  W 


vvheie  «Xc,  oYc<  (Jzc  ~  noimal  stiess  components 
rx  yc  rYZc<  Tzxc  sheai  stiess  components 
cx,cY,cz  =  noimal  sliain  components 

Txy'Ty Z'Tzx  ~  sheai  strain  components 

e  =  volumeliic  sliain,  e  =  tx  +  cY  +  tz 


G 

X 


=  sheai  modulus,  G 


=  Lame's  constant 


_Jc _ 

2(1  +  rc) 

>’c  Ec 

(1  +  rc)d  -  2vc) 


vc  =  Po  sson's  latio  lot  inclusion 

Ec  =  Youiuj’s  modulus  lot  inclusion 
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Relationship  Between  Normal  Stresses  in  Inclusion  and  Those  in  Host 
Material.  Consider  the  special  case  of  an  elastic  solid  with  a  sphere  embedded 
in  Us  center,  and  the  solid  subjected  to  the  combined  action  ol  unilotm, 
noirnal  sliesses  nXh,  oYh,  and  oZh  ol  arbitrary  magnitudes  in  the  direction  ol 
each  of  the  reference  axes,  Ttie  stale  of  sliess  in  the  inclusion  can  be  obtained 
from  the  finite  element  solutions  by  applying  the  principle  ol  superposition, 
Accordingly,  normal  stresses  induced  in  the  inclusion  from  the  application  of 


normal  stresses  rJXh,  oYh,and  aZh,  weie  summed  to  give: 

°Xc  =  Cs<rXh 

+  Cc(oYh 

+ 

«Zh> 

(7) 

°Yc  =  CsuYh 

+  Cc(oXh 

+ 

«Zh> 

(8) 

°Zc  =  CsuZh 

+  Cc(oXh 

+ 

«Yh> 

(9) 

The  variables  Cs  <ind  C£  are  the  direct  and  lateral  sliess  concentration 
fat  tors,  respectively.  No  shear  stresses  ate  induced  in  the  inclusion  born  the 
application  of  normal  stresses.  By  solving  Equations  7,  H,  and  9  for  the  not 
mal  stresses  iri  the  host  material,  the  following  equations  arc  obtained 


«Xh 

=  KrrXc 

+ 

kKc 

+ 

°Zc> 

(10) 

f,Yh 

=  k«Yc 

+ 

k(MXc 

+ 

"Zc> 

(ID 

«Zh 

=  Kr;Zc 

+ 

k<°Xc 

+ 

"Yc> 

(12) 

C  +  C 

K  =  - - - - -  (13) 

Cf  +  CsCc  -  2C£ 


C?  +  CfCe  -  2Cj 

The  constants  K  and  k  are  designated  as  the  direct-normal,  and 
lateral-normal  stress  influence  coefficients,  respectively.  Equations  10,  il, 
and  12  define  the  relationship  between  the  normal  stresses  in  the  host  mate¬ 
rial  and  the  corresponding  values  in  the  inclusion.  In  completing  the 
relationship  of  the  complete  state  of  stress  in  the  host  material  and  in  the 
inclusion,  the  relationship  between  the  shear  stresses  in  the  host  material 
and  those  in  the  inclusion  must  be  established. 
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Relationship  between  shear  stress  in  inclusion  and  those  in  host 
material.  Tin:  relationship  between  the  she.ii  sti esses  in  the  inclusion  end 
those  m  the  hose  niateii.il  can  he  established  horn  equations  10,  1  1,  and  17 
and  the  law  ol  stiess  tiansloimation.  According  to  tins  law,  a  plane  slate  ol 
pine  shear  is  the  equivalent  ol  a  plane  state  of  normal  stiess  (see  r u)i 1 1 e  A) 
piovided  that  ' 


txy  =  'V  ~  ~'V 


Foi  the  mi  Iiisioii,  designated  by  sulisci  ip l  c  and  the  hose  mater  i.il, 
designated  by  the  sulisci ipt  h,  tins  relationship  i  an  be  expressed  as 


TXYc 

rXYh 


Xc  ~  ~"Yr 

(15) 

X'h  =  -,V  h 

(16) 

By  substituting  Equations  lb  and  lb  into  Equations  10,  11,  and  17 
loi  the  spa.  i.il  case  ol  a  plane  stale  ol  pine  sbeai  in  the  host  material, 

when,1 


rXYI.  *  0 

rYZh  =  rZXh  =  11 X  h  =  °Yh  =  nZli  =  0 

the  following  lelalionship  between  the  slieai  stiess  in  the  inclusion  and  that 
in  the  host  inatei  i.il  is  obtained 

rXY!i  =  ^s^XY.  ^7) 

when* 

Ks  =  K  -  k  (181 

I  lete,  Ks  is  designated  as  the  she.it  stiess  inllueiii  e  i oelticient  Similai  Is ,  it 
can  be  shown  that 


rYZh 

“  ^srYZc 

(19) 

rZXIt 

II 

t/i 

N 

X 

(20) 

(he  values  ol  K,  k,  and  Ks  .lie  pi  exon  led  in  I  iqmes  b,  h,  and  /  to  hit  dilate 
Inline  compulations. 
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If*1  t 


In  summ.iiy,  Dm-  cnmpleli!  si. no  ol  sltoss  >il  ,i  i |i v< •!>  point  m  tin  host 
rn.iteii.il  (Mil  he  <  t >i t if  )i i l<!i I  liom  s 1 1 a > n  me.isiitemcnls  ol  llie  inclusion  i isii i«| 
r  i|ti, moils  I  lhtoii()li  (>  .mil  10  Ihioiaih  H)  willionl  li.ivimi  >li  luiluil  km >vvltn li|( 
ol  llie  silliness  piopet  lies  ol  Ihc  nnnlinc.it  host  in.ilcii.il 


Y  Y 


Figure  4.  Plane  slate  ol  pure  shear 
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Figure  5  Direct  normal  stress  influence  coellicient,  K. 
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Shea*  Siren  Influence  Coefficient. 


Figure  7.  Shear  stress  influence  coefficient,  Ks. 


DESIGN  AND  FABRICATION 


Design  Considerations 

The  most  important  factor  in  the  design  of  a  sire's  cell  is  its  stillness. 
During  the  derivation  of  the  Iheoiy,  it  was  assumed  that  the  stress  cell  is 
fabricated  from  a  linear  elastic  material  having  a  modulus  of  elasticity  about 
10  times  larger  than  the  maximum  modulus  ol  deioi motion  of  the  soil.  For 
most  granular  soils  (sand)  the  upper  limit  for  the  static  modulus  (one 
dimensional  confined)  of  interest  for  virgin  loading  is  about  40  x  10*  psi. 
Thus,  the  stress  cell  must  have  a  modulus  of  about  400  x  10*  psi. 

There  is  no  advantage,  however,  in  using  a  material  with  a  modulus 
of  elasticity  much  larger  than  400  x  10*  psi,  because  for  modular  ratios 
grealei  than  10,  the  sensitivity  of  the  stress  coll  decreases  as  its  modulus 
increases.  The  Poisson's  ratio  for  the  stiess  cell  mater  ial  need  not  be  con 
sidered,  because,  as  shown  in  Figures  2  and  3,  the  Poisson's  ratio  has  little 
influence  on  the  response  of  the  stress  cell. 

The  relative  density  of  the  stress  cell  with  respect  to  the  soil  and  its 
frequency  response  can  have  a  large  influence  on  the  accuracy  of  dynamic 
measurements.  Input  wave  shapes,  foi  instance,  will  be  rlislor  ted  il  the 
natural  frequency  of  the  stress  cell  is  low  compared  with  the  effective  Ire 
quency  response  of  the  soil.  Thus,  the  stress  cell  should  have  a  much  highei 
frequency  response  than  the  surrounding  soil.  This  requirement  is  auto 
matically  satisfied  by  meeting  the  modulus  of  elasticity  requirement. 

If  the  densities  of  the  stress  cell  and  t  tie  soil  aie  different,  appaient 
dynamic  stresses  will  be  induced  in  the  cell  from  the  dif  leronce  in  inertial 
forces  between  the  two  bodies.  Such  an  undesirable  effect  can  be  minimized 
by  matching  the  density  of  the  stress  cell  and  the  soil  as  closely  as  possible. 

Size  irregularities  in  the  soil  pat  tides  near  the  sltess  cell  can  cause  the 
cell  to  give  erroneous  measurements  if  the  si/e  ol  the  stress  cell  is  small  com¬ 
pared  to  the  maximum  dimensions  of  the  soil  (jar  tide  irregularities.  The 
diameter  of  the  stiess  cell,  consequently,  should  be  large  compared  to  the 
maximum  dimensions  ol  soil  irregularities.  The  stiess  cell  will  then  measuie 
only  the  average  state  ol  stress  at  a  point  in  soil. 

Six  independent  stress  components,  thiee  normal  and  three  shcui, 
are  requited  to  define  the  complete  state  ol  stress  at  interior  points  ol 
elastic,  homogeneous,  and  isotropic  solids.  These  components  must  be 
obtained  indirectly  from  six  independent  strain  measurements,  because 
stress  components,  in  general,  cannot  be  measured  directly.  The  required 
strain  measurements  can  be  made  by  using  foil  resistance  or  semiconductor 
strain  gages,  depending  on  I  tie  sensitivity  desired.  Sham  gages,  howevei,  aie 
fragile  and  must  be  prolei  ted  in  a  hostile  soil  environment.  They  are  best 


protected  by  ei  bedment  in  the  stress  cell.  Studies  by  Dove,  Biaiser,  end 
Baker5  indicate  that  commercially  available  strain  gages,  when  embedded  in 
materials  with  a  modulus  of  elasticity  greater  than  (550  x  10 1  psi,  cause 
negligible  disturbances  in  a  static  or  dynamic  strain  held.  Strain  gages,  then, 
can  be  embedded  in  the  stress  cell  without  causing  significant  measurement 
errors  if  the  modulus  requirement  is  satisfied. 

The  strain  gages  should  Ire  oriented  to  form  a  3-D  strain  rosette  as 
shown  in  Figure  8  to  minimize  the  amount  of  data  reduction  required.  The  ■ 
rosette  shown  in  Figure  8  was  adapted  from  the  one  used  by  Dove  and 
Baker6  by  adding  one  gage  (dotted  line)  on  each  of  the  three  reference  planes. 
However,  the  135-degree  gages  are  redundant  and  are  not  normally  used 
unless  one  or  more  of  the  other  gages  (X,  Y,  Z,  XY45,  ZX45,  YZ45)  mal¬ 
functions.  Shear  ing  strains  can  be  computed  from  the  strain  data  by 
applying  the  following  equations: 


>XY 

=  2fcXY45  - 

fcX  -  CY 

(21) 

Tyz 

=  2cYZ45  ” 

cv  -  ez 

(22) 

Tzx 

=  2tZX45  “ 

ez  -  ex 

(23) 

where  7XY,  7YZ,  7ZX  =  shearing  strains  in  reference  planes 

eXY45'  eYZ45'  t;zx45  =  Measured  strains  from  45-degree  gage  in 

reference  planes 

cX'cY<ez  =  tneasuied  normal  strains  along  reference 

axes 

Alternative  setups  using  the  135-degree  gages  when  one  or  moie  ol 
the  other  gages  do  not  func  tion  aie  presented  in  the  Appendix. 

To  reduce  the  number  of  channels  required  for  dynamic  measure¬ 
ments,  an  FM  (frequency  modulated)  multiplexing  unit  was  specially  made 
foi  the  stress  cell.  This  unit  takes  six  channels  of  data  information  and 
transmits  them  via  one  channel. 

Fabrication 

For  Ibis  study,  four  stress  cells  (SFB-2,  SFB-3,  SFB  4,  and  SFB-5) 
were  fabricated  from  2-1/4-inch-diameter,  phenolic  plastic  billiaid  balls 
(cue  balls).  These  balls  have  the  desired  shape  and  approximately  the 
desired  proper! les:  an  elastic  modulus  of  494  x  10'!  psi ,  a  Poisson’s  ratio 
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ol  0.4 1 2,  .nut  .1  di’i’iSily  ol  1 00  pel.  (  ir  si,  Ilu'  lem.ile  sort  ion  vv.is  loi  moil  hy 
culliiiil  appioximately  one  oel.inl  liom  one  one  lull  (see  T up n t?  0).  Then 
the  m.ilchiiu)  m.ile  seel  ion  w.is  col  liom  .inolliei  lull.  1  lie  dimension  .iloini 
each  ol  ihe  lliiee  oi  thoi|onal  edt)es  was  machined  lo  1 .40  inches,  (T.'Vh  inch 
I. ii c jei  than  theudiuso!  Ihe  hall,  so  Ilia!  the  appmximate  cenlnt  ol  ihe 
loselle  vvoulil  coincide  with  Ihe  cenlei  ol  Ihe  hall.  A  4h dei|iee  sliaili  loselle 
( 1/4  inch  (|W|0  leiujlh,  type  f  ARR  Th  SIR')  was  hooded  lo  each  ol  Ihe 
lliiee  oi  Ihojional  laces  on  Ihe  male  section  with  Bahehle'  '  cemenl.  I  liese 
lliiee  inset  les  loi  mod  Ihe  3  13  sliain  loselle  shown  in  lu<|uie.B.  I  ead  w  lies 
liom  Ihe  st i am  t|,ii|os  weio  thieaded  lhioni|h  0.0 Hi  inch  diamelei  holes 
di  illt’il  in  the  male  section  (foiium  0,  seel  ion  A  A).  The  small  lead  vvnes 
weiesoldeied  lo  latijei  lead  wnes  helore  Ihe  male  and  lemale  set  lions  vveie 
hooded  loiielhei.  The  soldei  goinls  vveie  located  ahonl  1/8  in<  h  helow  Ihe 
oi  1 1  ioigon.il  laces  ol  Ihe  male  section.  All  the  laipe  lead  wees  convenjed  al 
tin*  hand  e.  I  liese  lari|e  lead  wiies  wen’  thieaded  into  the  handle  and  encap 
sulaled  with  epoxy  lesm  when  Ihe  handle  w.is  hooded  lo  Ihe  male  section 
Incidentally,  Ihe  handle  was  made  limn  a  laminated  phenol  ii  plastic.  1  he 
handle  sei  ves  as  a  leleteneo  lot  onentinii  Ihe  sliess  cell  and  as  a  pi  olecloi  loi 
Ihe  lead  wiies. 


z 


Note:  Nine  strain  gages  total,  one  along  each  reference 
axis  anil  two  on  each  reference  plane  as  shown 


Figure  8.  Three-dimensional  strain  rosette. 

‘  h.llilwill  I  III  1,1  I  l.llllllliili  Pi  >1 1 un, || loll. 

'  ‘  I  Inii  hi  Car  Imli’  Pm  per  .iIidi  i. 
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Next,  the  male  end  female  sections  were  bonded  together  with  an 
epoxy  adhesive  (EPY*  160),  and  cured  at  150°F  for  approximately  4  hours. 
The  stir  face  of  t lie  assembled  sliess  cell  was  sanded  whir  fine  emery  cloth 
and  maiked  with  colored  lines  identifying  the  orientation  of  the  strain  gages. 
The  assembled  cell  was  t fieri  coated  with  an  epoxy  adhesive  and  covered  with 
a  layer  of  20  30  Ottawa  sand  to  enhance  shear  transfei.  Finally,  all  the  lead 
wires  from  tfie  stress  cell  were  shielded  witli  aluminum  foil  (to  eliminate 
spurious  elect!  ical  signals  induced  by  electromagnetic  pulses)  and  were 
coveted  with  shrinkable  tubing.  F igure  10  shows  the  assembled  stress  cell. 


EXPERIMENTAL  WORK 
Introduction 

Each  of  the  four  stress  cells  (SFB  2,  SFB  3,  SFB  4,  and  SFB  5)  was 
subjected  to  one  hydrostatic  test  in  walei  and  two  sialic  normal  lests  in 
sand.  Stress  cells  SFB  3,  SFB-4,  and  SFB-5  were  subjected  to  one  shear  test 
each.  Stress  cell  SFB  1  was  tested  dynamically  during  the  preliminary 
evaluation.1  Stress  cells  SFB  3  and  SFB  4  were  tested  dynamically  in  beach 
sand  at  Point  Mugu. 

The  purpose  of  the  hydrostatic  test  was  to  check  the  response  of  the 
embedded  strain  gages.  Static,  response  of  l lie  stress  cell  to  normal  stresses 
and  shear  stresses  in  sand  was  evaluated  in  the  static  normal  lests  and  shear 
lests,  respectively.  Only  the  dynamic  response  of  the  stiess  ceil  to  normal 
stresses  in  sand  was  evaluated  in  the  dynamic  lests. 


Figure  10.  Assembled  stress  cell. 


'Baldwin  L  ima  Hamilton  Cor  notation. 
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Test  Procedure 


Hydrostatic  Tests.  Two  stress  cells  at  a  lime  weie  placed  in  a 
20,000-psi-capacity  pressure  vessel  filled  wi I h  w.iler  and  subjected  In  liner? 
successive  loading  cycles  lo  a  maximum  pressure  ol  3,000  psi  at  100  psi 
increments.  Hydrostatic  pressure,  measured  by  a  Bourdon  pressure  gage, 
was  applied  externally  by  a  motor  -driven  air  pi  imp.  All  stiain  gages  within 
each  stress  cell  were  monitored  in  these  tests. 

Static  Tests.  A  soil  lank  (Figuie  11)  Idled  with  a  dry  (0.3%  moisture), 
well-graded  sand  (Figure  12)  was  used  in  Ihe  sialic  tests.  This  36  inch-long 
tank  was  made  horn  a  17-1/4  inch  ID  (inside  diameter ),  3/8-inch-wall  steel 
pipe.  The  sand  was  obtained  from  the  dry  riverbed  ol  the  Santa  Claia  Rivet 
at  Ventuia,  California.  A  greased,  thin  polyethylene  liner  was  used  in  each 
tesl  lo  reduce  wall  Ir  id  ion.  A  new  liner  was  used  loi  each  test.  In-place 
sand  density  was  controlled  by  dropping  Ihe  sand  through  a  funnel  info  the 
soil  lank  fiom  a  height  ol  20  inches  in  6-ini  li  lifts.  When  the  sand  level 
i cached  Ihe  midheight  of  the  lank,  the  stiess  cell  was  piessed  about  3/4  inch 
into  the  sand.  In  thenoimal  tests,  Ihe  s t r ess  cull  was  oriented  such  that  its 
Z  strain  gage  coincided  with  the  axis  of  the  tank.  In  the  shear  tests,  the 
stress  cell  was  so  oriented  that  the  YZ45  stiain  gage  ol  Ihe  stress  cell  coin 
dried  with  the  axis  ol  the  I, ink.  Subsequently,  more  sand  was  silted  mound 
the  stress  cell  through  the  funnel.  Special  caie  was  laken  I o  prevent  the  sand 
Iioiii  bouncing  oil  the  stiess  cell  to  minimize  the  possibility  ol  segregation  ol 
sand  par  ticles.  This  procedure  was  repealed  lor  two  1  inch  lilts  until  the  cell 
was  completely  covered.  Filling  ol  the  lank  was  resumed,  as  in  the  bottom 
half.  Sand  densities  in  the  tests  varied  between  102.6  lo  107. B  pci.  The 
average  density  was  106.5  pet. 

In  each  test,  the  sand  in  the  tank  was  loaded  with  a  400-kip  testing 
machine  in  86. 6  psi  increments  lo  a  maximum  pressuie  ol  1,1 10  psi  thiough 
three  cycles,  lime  between  load  increments  dm  mg  loading  was  about  30 
seconds.  The  maximum  load  was  held  loi  3  minutes.  Dm  ing  unloading,  the 
load  was  removed  in  171.2-psi  increments  at  about  1  minute  per  load  incle¬ 
ment.  Vertical  displacement  ol  the  sand  at  t  tie  top  ol  the  tank  was  measuied 
with  a  linear  potentiometer  attached  to  the  steel  loading  plate  on  the  top  of 
the  soil  lank.  Four  pairs  ol  strain  gages  weie  placed,  equally  spaced,  around 
the  circumference  at  the  midhoight  on  the  outside  ol  the  soil  tank  (Figure  11) 
to  measure  strains  tor  computing  the  laleial  stresses  in  the  sand  at  the  level 
ol  the  stress  cell.  Each  pail  consisted  ol  a  vertical  gage  and  a  hoop  gage  lot 
measuring  the  ver  tical  strain  and  hoop  stiain  in  the  soil  tank. 


Dynamic  Tests.  Stress  cell  Sf-B-1  was  subjected  to  nine  tests  in  the 
NCEL  blest  simulator  (Figure  13)  during  the  preliminary  evaluation.1  A 
description  ol  the  blast  simulator  is  presented  in  Reference  7.  A  10  loot 
long,  3/8-inch-wall,  8-inch-diameter  steel  pipe,  filled  with  the  same  dry 
riverbed  sand  used  in  the  static  tests,  was  employed  for  these  tests.  Because 
of  the  pipe  dimensions,  sand  density  could  not  be  controlled  by  dropping 
sand  into  the  pipe  ovei  a  specified  height,  as  in  the  static  tests.  Instead,  sand 
density  was  controlled  by  tapping  along  the  length  of  the  pipe  with  a  sledge 
hammer,  after  the  pipe  was  filled  with  sand,  until  no  lurthei  settlement  of 
the  sand  near  the  lop  was  noted.  The  stress  cell  was  placed  5-1/2  inches 
below  the  top  of  the  pipe,  with  its  Z  strain  gage  coincident  with  the  axis  of 
the  pipe  Only  the  X  ,  V  ,  and  Z  strain  gages  inside  the  stiess  cell  were 
monitoied,  because  the  loading  on  the  sand  column  was  axisymmeti  ic.  A 
gieased,  thin  polyethylene  liner  was  placed  inside  the  upper  section  ol  the 
pipe  to  reduce  attenuation  ol  the  applied  dynamic  pressure  from  wall  friction 
The  24  inch-long  polyethylene  liner  and  the  upper  24  inches  ol  sand  at  the 
top  ol  the  pipe  were  removed  and  replaced  after  each  test.  Moieover,  a 
1/8-inch-thick  rubber  membiane  w.is  placed  on  the  top  ol  the  8-inch-diameter 
pipe  before  the  pipe  was  bolted  to  the  flange  on  the  blast  simulator .  This 
membrane  prevented  dynamic  air  piessure  from  entering  into  the  poies 
between  the  sand  grains.  A  pressure  transducer,  placed  near  the  top  ol  the 
pipe  (see  Figure  13)  was  used  to  measuie  dynamic  pressures  on  the  sand 
column.  The  peak  piessuie  applied  in  these  tests  was  about  105  psi. 


Figure  13.  Dynamic  test  setup  in  NCEL  blast  simulator. 
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Sir  ess  cells  SFB-3  end  SFB-4  were  subjected  lo  lltieo  high-explosive 
tests  on  tlieheech.it  Point  Mugu.  A  cioss  section  ul  the  test  set  up  is  shown 
in  Figure  14.  The  3-tool-lony  by  3-foot-OD  (outside  diameter)  steel  cylinder 
with  3/4  inch  thick  well  wes  used  es  the  pressure  vessel.  After  the  inslelletion 
of  the  cylinder,  send  directly  under  the  cylinder  wes  removed  lo  e  depth  ol 
about  2  feet  below  the  bottom  of  the  cylinder  end  replaced  with  diy  beach 
sand.  Two  pressure  transducers,  pieced  with  their  active  laces  even  with  the 
sand  surface  inside  the  cylinder,  were  used  lo  measure  dynamic  pressures  on 
the  sand  surface.  The  two  stress  cells  were  placed  at  about  1  loot  below  the 
sand  surface  inside  the  tank  as  shown  in  Figure  14.  A  40-inch  squaie  by 
5  1 /8-inch  thick  wooden  box  filled  witli  beach  sand  was  placed  on  the  top  of 
the  steel  cylinder.  This  box  was  covered  wifli  a  2-foot  thick  surcharge  of 
beach  sand  to  contiol  the  duration  ol  t fie  dynamic  pressure  poise.  Dynamic 
pressures  were  generated  by  exploding  tin  8  inch  diamotei  by  l/2-inch  thick 
charge  of  C-4  plastic  explosive  suspended  in  the  ten  ter  ol  the  cavity  inside 
the  pressure  vessel.  Predicted  peak  dynamic  pressure  for  the  explosive  charge 
used  was  500  psi.  The  water  table  was  located  at  about  5  feet  below  the 
level  of  the  two  stress  cells. 

The  sand  inside  the  lank  was  removed  with  a  hand  scoop  to  a  depth 
of  about  6  inches  below  the  level  ol  the  stiess  cells  and  put  back  into  place 
aftei  each  test.  The  stiess  cells  were  removed  and  reinstalled  dunng  this  pro¬ 
cess.  Special  care  was  taken  in  compacting  the  sand  mound  the  stress  cell 
during  installation.  The  dry  beach  sand,  howevei,  because  of  its  giadation, 
cannot  be  compacted  densely. 
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Figure  14.  Dynamic  test  setup  at  Point  Mugu. 
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Instrumentation 


All  (ho  data  I  tom  the  hydrostatic  tests  and  tin;  st.ilu  lusts  wen; 
recorded  with  ;i  B&F  SY 2r>0  cJiit.i  recording  unit,  The  output  is  aulom.ilii 
ally  digitized  and  piinted  on  papoi  tripe.  Sand  displacement  in  the  static 
tests  was  measured  with  a  Bourns  103  Imeai  potent lomeler  that  has  .1  (>  inch 
travel. 

In  the  dynamic  tests  per  lot  tried  in  the  NCEL  Blast  simulator ,  [lies 
sines  were  measured  with  a  Dynisro  PT  V(>  3C  pressure  transducer,  l  ire 
resulting  data  from  these  dynami<  tests  weie  recorded  directly  with  <1  CEC 
5  124  oscillograph  using  a  BOO  Hz  galvanometer. 

Dynamic  pressures  horn  the  tests  at  Point  Mugu  weie  measured  with 
two  Bytrex  HFG  1000  piessute  transducers.  Data  from  these  tests  at  Point 
Mugu  were  recorded  on  magnetic  t  ipe  at  a  speed  ol  00  ips  with  a  Sangamo 
3562  tape  recorder.  The  tape,  aftei  each  test,  was  played  hack  at  1  3/4  ips, 
through  a  CEC  6-124  oscillograph  using  a  6  kHz  galvanometer .  A  time  scale 
expansion  of  16  was  obtained  on  playhac  k.  The  EM  multiplexing  unit  that 
can  transmit  six  channels  ol  data  information  via  one  channel  w.is  not  used 
in  these  tests  because  the  special  equipment  leijtined  lot  reducing  the  data 
from  the  unit  was  not  available. 


RESULTS  AND  DISCUSSION 
Hydrostatic  Tests 

The  pr  i  mar  y  put  pose  of  the  hydrostatic,  tests  was  to  diet  k  whether 
all  of  the  embedded  strain  gages  in  the  stress  cell  weie  functioning.  1  hese 
tests  were  not  used  lot  calibration  purposes,  no  calibration  ol  the  stress  ( ell 
is  required.  The  strain  data  from  different  stress  cells  weie  neat  ly  identical. 
F01  thei  mote,  there  is  very  little  dit  lei  once  in  data  obtained  lot  the  throe 
loading  cycles.  A  plot  ol  typical  strain  data  from  the  llnee  strain  rosettes  is 
presented  in  Figure  16.  As  can  ho  seen,  the  response  ot  the  embedded  sham 
gages  is  linear  to  3,000  psi.  Also,  the  slopes  of  flit'  Haw?  curves  in  Figure  16 
fire  essentially  identical,  indicating  that  there  is  very  Irlt h •  Tilterence  in 
behavior  among  the  three  strain  reset  res. 

The  average  hulk  modulus,  computed  horn  the  hydrostatic  stiess 
cell  data,  was  0.933  x  10(‘  psi.  The  corresponding  value  computed  I  y  using 
the  modulus  ol  elasticity  and  Poisson's  ratio  tor  the  cue  hall  was  0.960  x  1 0h 
psi.  Thus,  the  strain  distribution  wi thin  the  stress  cell  remains  essentially 
unchanged  by  the  present  e  ol  the  embedded  stiain  gages  and  the  handle. 
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Static  Tests 


General.  A  typical  consolidation  curve  lor  I  he  sand  used  in  iheslatir 
tests  is  presented  in  Figure  16.  It  am  he  m »«?n  liom  this  fujure  lh<)t  the  amount 
of  consolidation  per  unit  load  increment  decreases  with  increasing  load  for 
all  three  cycles  and  approaches  an  almost  constant  value  lor  applied  loads  of 
greatei  than  300  psi.  The  sand  had  a  permanent  set  at  the  end  ol  each  cycle 
alter  the  load  was  removed;  this  pern '.men  I  set  inr  leased  slightly  with  each 
succeeding  loud  cycle.  Moreovei,  the  sand  crept  at  maximum  load  (Figure  16) 
when  the  lo<.  I  was  held  constant  for  3  minutes.  A  plot  ol  the  tangent  moduli 
ot  lire  sand  during  loading  is  given  m  Figure  17.  In  the  lust  cycle,  the  tangent 
modulus  ol  the  sand  increased  fmm  an  initial  value  ol  about  7,000  psi  at  zero 
load  to  a  value  ol  about  30,000  psi  at  maximum  applied  load— an  increase  ol 
about  lout  times  the  initial  value.  In  the  second  and  thud  cycles,  t he  tangent 
modulus  ot  the  sand  increased  from  an  initial  value  ol  aboil!  14,000  psi  at 
zero  load  to  maximum  values  ol  about  82,000  psi  and  106,000  psi,  resper 
lively,  at  660  psi  and  / 70  psi.  Thereafter,  the  tangent  modulus  ol  the  sand 
decreased  with  increasing  load.  In  general,  die  tangent  modulus  ol  the  lest 
sind  v.n  led  considerably  with  the  magnitude  ol  the  applied  load  and  Ms  load¬ 
ing  lustoi  y. 


Figure  15.  Typical  hydrostatic  data  from  stress  cell. 
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Figure  16.  Load  versus  sand  consolidation,  static  tests. 
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Figure  17.  Tangent  modulus  of  sand,  static  tests. 
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I  ypu  <il  strain  data  liom  l ho  stress  coll  lor  the  static  normal  tests  are 
presented  in  Fiijure  18.  Strain  data  from  the  X  and  Z  slinin  gages  are  pre- 
son  tc*d  in  this  liynro.  The  data  Irorn  the  Y-strain  gage  are  not  presented 
because  they  are  similar  to  those  tiom  the  Xstrain  yaye.  Strain  data  liom 
the  Z  strain  yaye  and  the  X  strain  yaye  tended  to  concave  upwaid  slightly 
with  increasing  applied  load  during  the  first  cycle.  On  the  other  hand,  data 
liom  the  Z  strain  gage  and  X  strain  yaye  increased  linearly  with  load  loi 
applied  loads  greater  than  100  psi  during  the  second  and  third  cycles.  During 
unloading,  as  indicated  by  the  dotted  lines  in  Figure  18,  the  data  tor  the 
three  cycles  from  a  given  strain  gage  in  the  stress  cell  followed  essentially  the 
same  path.  Furthermore,  trends  similar  to  those  mentioned  above  loi  the 
static  normal  test  data  liom  the  stress  ceil  were  present  in  the  data  liom  the 
shear  tests. 

A  significant  point  not  apparent  from  the  data  presented  in  Figure  18, 
is  that,  while  under  maximum  load,  the  sand  underwent  creep  (Figme  Hi) 
but  the  stress  cell  did  not,  which  indicated  that  the  response  ol  the  stiess 
cell  is  insensitive  to  creep  in  the  soil. 

The  direct— normal,  lateral— normal,  and  shear  stress  influence  coef¬ 
ficients  used  in  the  reduction  ol  the  static  data  from  the  stiess  cells,  were 
0,b72,  0.043,  and  0.529,  respectively.  These  coefficients  corresponded  to 
a  modular  ratio  Ec/Eh  ol  10  and  a  Poisson's  ratio  ec/eh  of  1.0  in  Figures  5,  0, 
and  7. 

Tests  for  Normal  Stress  Response.  The  objective  of  the  static  normal 
test  is  to  determine  the  accuracy  ol  t fie  normal  stress  measurements  obtained 
from  the  stiess  cell  in  sand.  Normal  stresses,  vertical  and  horizontal,  were 
computed  from  the  stress  cell  data  using  Equations  1  thiough3and  10 
through  12.  The  applied  vertical  stress  was  used  to  compare  the  vertical 
stress  from  the  stress  cell,  lot  lack  ol  a  hot  ter  standard.  At  the  level  ol  the 
stress  cell  (seeFiyuie  11),  the  actual  vei  Heal  stiess,  will  understandably  bn 
somewhat  smaller  than  the  applied  stress  on  top  of  the  tank  because  ol  wall 
friction.  Average  lateral  stresses  in  the  sand  at  the  level  ol  the  stress  cell, 
computed  from  the  soil  lank  strain  data,  were  compared  with  the  correspond¬ 
ing  lateral  stresses  Horn  die  stress  cell.  These  lateral  stresses  from  the  soil 
tank  data  aie  not  sensitive  to  fric  lion  between  the  liner  and  tank  wall  because 
they  are  computed  from  local  measurements.  Unfortunately,  vertical  strains 
from  the  soil  tank  wall  adjacent  to  the  stress  cell,  because  ol  their  relatively 
small  magnitudes,  cannot  be  used  in  computing  the  vertical  stresses  in  the 
tank  wall.  Hence,  no  quantitative  estimate  ol  the  decrease  in  the  applied 
vertical  load  from  wall  Irir  lion  at  the  level  of  the  stiess  cell  was  made. 


24 


Strain  (pin. /in.) 

Figure  18.  Typical  stress  cell  data,  static  normal  tests. 

Comparisons  of  vertical  s  1  r ess  Iiom  Iho  stress  cells  with  the  applied 
vertical  stress  are  presented  in  Figures  19  through  26.  In  these  figuies,  the  stress 
from  the  stress  cells  is  expressed  as  a  percentage  ol  the  corresponding  applied 
vertical  stress.  Unloading  is  represented  by  the  dotted  lines  ll  is  apparent 
that  during  the  first  cycle  the  vertical  stress  horn  the  stress  cell  approaches  the 
applied  stress  from  the  high  side  as  the  applied  load  increases.  This  phenomenon 
is  caused  hy  the  larger  vertical  displacement  ol  I  he  sand  near  the  tank  wall, 
because  of  its  proximity  to  the  greased  plastic  liner,  relative  to  the  vertical 
displacement  ol  the  sand  near  the  center  of  the  tank.  The  greased  liner  olfeied 
less  rest i cnn I  to  ver  tical  displacement  ol  the  sand  particles  than  did  the  sand 
particles  themselves.  This  relative  vertical  displacement  causes  moie  applied 
load  to  he  carried  hy  the  sand  near  the  centet  of  the  tank  than  hy  the  sand 
near  the  tank  wall;  hence,  the  high  response  of  the  st toss  cell. 

As  the  applied  load  is  increased,  and  the  sand  is  compacted,  the  telative 
vertical  displacement  between  the  sand  particles  neni  the  centet  ol  the  ton  k  and 
those  near  the  lank  wall  becomes  less  and  less.  As  a  consequence,  vei  lical 
stress  from  the  stress  cell  approaches  the  applied  stress  as  the  applied  stress 
increases.  It  is  also  apparent  from  Figures  19  through  26  that  the  response 
curves  of  the  stress  cell  dm  mg  the  second  and  Hr  it  cl  cycles  are  very  close 
logelher  despite  the  changes  in  the  tangent  moduli  ol  the  sand  horn  the  second 
to  the  third  load  cycle  (Figure  17).  The  vertical  stress  fiom  the  stress  cell 
during  the  second  and  thud  cycles,  which  is  initially  smallei  than  the  applied 
stress,  approaches  the  applied  stiessas  the  applied  load  increases. 
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•Percent  of  applied  vertical  stress. 

Figure  21.  Comparison  of  vertical  stresses,  static  normal  test  3,  SFB-4. 


Figure  22.  Comparison  of  vertical  stresses,  static  normal  test  4,  SFB-5. 
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Figure  23.  Comparison  of  vertical  stresses,  static  normal  test  5,  SFB-5. 
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Figure  24.  Comparison  of  vertical  stresses,  static  normal  test  6,  SFB-3. 
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Figure  25.  Comparison  of  vertical  stresses,  static  normal  test  7,  SFB-2. 
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Figure  26.  Comparison  of  vertical  stresses,  static  normal  test  8,  SFB-4. 
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For  applied  loads  equal  lo  or  giealer  than  GOO  psi,  the  vertical 
stresses  from  the  stress  cells  are  within  ±  10%  ol  the  corresponding  applied 
vertical  stresses.  With  a  lew  exceptions,  especially  test  5  (Figure  23),  t he 
vertical  stress  from  the  stress  cell  during  unloading  (dulled  lines  in  Figures  19 
through  26)  is  about  10%  larger  than  the  corresponding  applied  stress  lor  all 
three  cycles.  This  high  response  of  the  stress  cell  during  unloading  is  caused 
by  vertical  residual  stress  in  the  sand.  Another  point  is  that  the  unloading 
paths  in  Figures  19  through  26  are  generally  closely  banded  together  with 
the  band  widening  for  loads  below  300  psi,  In  short,  the  vertical  stress  Irom 
the  stress  cell  approaches  the  applied  stress  with  increasing  load  from  the 
high  side  during  the  first  cycle  and  from  the  low  side  during  the  second  and 
third  cycles.  Vertical  stress  from  t he  stress  cell  is  within  ±  10%  ol  the  applied 
stress  for  applied  stresses  equal  to  or  greater  than  600  psi.  Next,  lateral 
stresses  from  the  stress  cell  are  compared  with  those  from  the  soil  tank. 

Comparisons  of  lateral  stresses  from  the  stress  cells  with  those  from 
the  soil  tank  are  presented  in  Figures  27  through  34.  In  these  figures,  the 
lateral  stresses  are  plotted  against  the  applied  vertical  stresses.  Lateral  stresses 
from  the  stress  cell  were  computed  by  averaging  the  stiesses  in  the  X  and 
Y-direction  (Figure  1 1),  those  from  the  soil  tank  were  computed  by  averaging 
the  lateral  stresses  from  the  four  pairs  of  strain  gages  on  the  soil  tank  wall. 
From  Figures  27  through  34,  it  is  apparent  that  lateral  stresses  fiorri  the 
stress  cell  tire  generally  smaller  than  those  from  the  soil  tank  during  the  first 
cycle  loading— a  phenomenon  caused  by  the  presence  of  the  greased  plastic 
liner.  The  presence  of  the  greased  plastic  liner  evidently  caused  relative 
vertical  displacement  within  the  sand  ttiat  induced  more  load  through  the 
sand  near  the  middle  of  the  soil  tank  wheie  the  stress  cell  was  located  This 
difference  in  load  created  a  void  ratio  gradient  in  the  sand  that  increased 
with  increasing  radial  distance  from  the  axis  of  the  soil  tank.  Because  the 
at  rest  coefficient  ol  earth  pressure,  K0  (the  ratio  between  the  horizontal 
and  the  ver  tical  stiess)  is  proportional  to  the  void  ratio,  die  low  void  ratio 
of  the  sand  near  the  center  of  the  tank  relative  to  the  sand  neat  the  tank 
wall  brought  about  the  smaller  lateral  stresses  from  the  stress  cell.  This 
difference  in  lateral  stresses  becomes  less  with  succeeding  load  cycles  as  the 
sand  becomes  more  compacted. 

Agreement  between  the  lateral  stress  from  the  stress  cell  and  that 
from  the  soil  tank  during  loading  is  generally  within  ±10%.  During  unloading, 
the  lateral  stress  from  the  stress  cell  is  slightly  larger  than  its  corresponding 
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stress  during  loading  lor  rill  three  cycles.  By  contrast,  Intel  ill  stress  from  the 
soil  tank  during  unloading  is  generally  much  larger  than  its  corresponding 
stress  during  loading.  This  larger  lateral  stress  from  the  soil  tank  during 
unloading  must  have  been  caused  by  the  icsidual  stress  in  the  sand,  because 
no  additional  lateral  stress  was  applied.  Apparently,  during  unloading,  the 
sand  particles  locked  into  rings  symmetrical  about  the  axis  of  the  lank.  The 
sand  in  the  17-inch-diameter  tank  can  he  visualized  as  seventeen  1  inch  thick 
(measured  radially)  concentric  rings.  The  rings  near  the  lank  wall,  because 
of  their  larger  radius,  unloaded  much  more  slowly  than  those  near  the  stress 
cell,  hence,  the  larger  lateral  stress  fiom  the  soil  tank  dining  unloading.  The 
lateral  stress  Irom  the  stress  cell  and  that  from  the  soil  tank,  with  a  few 
exceptions,  are  within  ±  10%  of  each  other,  even  for  an  applied  vertical  sltess 
of  less  than  600  psi. 

In  1963,  Hendron8  performed  a  series  of  experiments  to  study  the 
behavior  of  sand  in  one-dimensional  compression.  He  concluded  that  a 
straight-line  relationship  exists  between  horizontal  and  vet  tical  stresses  lor 
applied  stresses  up  to  about  1,000  psi.  Hendron  reported  that  the  value  of 
K„  depends  upon  the  type  of  sand  and  its  initial  void  ratio.  The  i espouse  of 
the  stress  cell  to  applied  normal  stresses  is  presented  in  Figures  35  through 
42.  As  with  Hendion’s  results,  the  relationship  between  the  horizontal  and 
vertical  stresses  is  linear  foi  loading  and  unloading.  For  each  test,  K„  (the 
slope  of  the  curve)  decreases  with  each  succeeding  load  cycle  as  the  void 
ratio  of  the  sand  becomes  smaller.  The  lateral  stress  coefficients,  K0,  Irom 
these  tests  varied  between  0.34  and  0.44.  The  average  value  was  0.40. 
Corresponding  K0  values  obtained  from  previous  experiments  at  NCEL9 
using  the  same  sand  varied  Ire  tween  0.41  to  0.45. 

The  vertical  response  of  the  stress  cell  (Figures  '9  through  26)  for 
applied  loads  of  less  than  600  pst  is  also  within  10%  absolute  of  the  coi res¬ 
ponding  applied  value.  The  relationship  between  the  horizontal  and  vertical 
stresses  from  tire  stress  cell  is  linear  throughout  the  loading  range  for  .ill  ol 
the  tests.  It  is  in  good  agreement  with  corresponding  values  obtained  lor  the 
same  sand  in  previous  experiments.  Consequently,  tire  accuracy  of  the 
vertical  stress  measurements  obtained  from  the  stress  (.ell  lot  applied  loads 
less  than  600  psi  is  as  accurate  as  its  later al  response.  Likewise,  the  accuracy 
of  the  lateral  stress  measurements  from  the  stress  cell  for  applied  vet  tical 
loads  gi  eater  than  600  psi  is  as  accurate  us  its  vertical  response.  As  a  result, 
the  horizontal  and  ver  tical  response  of  the  stress  cell  to  normal  stiesses  is 
generally  within  10%)  absolute  of  the  applied  value. 
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Figure  29.  Comparison  of  lateral  stresses,  static  normal  test  3,  SFB-4. 
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Figure  30.  Comparison  of  lateral  stresses,  static  normal  test  4,  SFB-5. 
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Figure  31.  Comparison  of  lateral  stresses,  static  normal  test  5,  SFB-5. 
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Figure  32.  Comparison  of  lateral  stresses,  static  normal  test  6,  SFB  3. 
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Figure  33.  Comparison 


of  lateral  stresses,  static  normal  test  7,  SFB-2 
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Figure  34.  Comparison  of  lateral  stresses,  static  normal  test  8,  SFB-4. 
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Figure  35.  Vertical  and  horizontal  stresses  from  stress  cell,  static  normal  test  1,  SFB-3 
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Figure  37.  Vertical  and  horizontal  stresses  from  stress  cell,  static  normal  test  3,  SFB-4 
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Figure  40.  Vertical  and  horizontal  stresses  from  stress  cell,  static  normal  test  6,  SFB-3. 
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Figure  42.  Vertical  and  horizontal  stresses  from  stress  cell,  static  normal  test  8,  SFB-4. 
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Shear  Tests.  D.ihi  (mm  the  sheai  tests  were  reduced  by  tisincj 
Equations  1,2,  3,  6,  10,  11,  12,  md  19  with  direct— normal,  lateral— normal, 
and  shear  stiess  mllnenre  cool ! ii aents  ol  0.972,  0.043,  and  0.629  liom 
Fkjuios  2  and  3.  In  addition,  ver  Ik  al  stresses  were  computed  tmm  the  stiess 
cell  data  iisiiki  the  law  ol  stiess  transformation.10  Shear  stiesses  horn  llu 
stress  cells  were  compaied  with  the  applied  shear  stresses  computed  hy  taking 
one  half  the  dillerence  between  the  applied  veitical  stress  and  the  correspond 
mi)  lateral  stress  from  the  soil  tank.  Understandably,  the  applied  sheet  stiess 
(designated)  will  he  lowei  than  the  actual  shear  stress  on  the  stress  cell  dm  mg 
loading  in  the  lust  cycle  because  ol  the  relative  vertical  displacement  in  the 
sand.  Also,  the  applied  shear  stress  during  unloading  will  he  lower  than  the 
actual  shear  stress  on  the  stiess  cell  as  a  result  ol  the  higher  residual  lateral 
stiesses  in  the  sand  near  the  tank  wall  relative  to  those  in  the  sand  near  the 
center  ol  the  soil  tank.  (See  the  discussion  ol  the  results  from  the  static  nor¬ 
mal  tests.) 

Comp.ir  isoiis  ol  shear  stiess  from  the  stress  cells  with  the  cm  respond¬ 
ing  applied  shear  st r ess  -ire  presented  in  Figures  43,  44,  anil  46.  In  these 
liguies,  shear  stress  from  the  stress  cell  is  expressed  as  a  percentage  ot  the 
cor  responding  applied  sheai  stress.  Fire  trends  ol  the  response  to  shear 
stresses  during  loading  ate  sm  aim  to  those  in  the  compar  ison  ol  ver  heal 
stiesses  in  the  static  normal  tests  except  dm  mg  unloading.  Shear  stress  horn 
the  stress  cell  approaches  the  corresponding  applied  sheai  stress  horn  the 
high  side  as  the  applied  load  is  increased  during  the  lust  cycle.  By  contrast, 
the  she. it  stiess  horn  the  stress  cell  approaches  the  coi responding  applied 
value  hum  the  low  side  as  the  applied  load  is  increased  during  the  second 
and  third  cycles.  With  the  exception  ot  the  Inst  cycle,  the  shear  stresses  horn 
the  stress  c  ell  .ire  generally  within  10' absolute  ol  the  applied  sheai  stiesses. 
lire  shear  stresses  hour  the  stress  cell  during  unloading  for  all  three  cycles 
were  always  laiger  than  the  applied  shear  stiess  (computed)  because  the 
lateial  diess  in  the  s, in.  I  near  the  tank  v  ail  was  larger  than  the  coi  responding 
stiess  near  the  center  ol  tin’ sen  I  tank  (see  the  discussion  on  the  compar  ison 
ol  lateral  stiesses  tmm  the  statu  normal  tests).  The  applied  shear  stress  was 
i  nmpuled  hy  taking  one -ha  1 1  the  Ii  I  leieiu  e  between  the  applied  ver  t  it  ml 
stmss  and  the  lateral  stiess  horn  the  soil  tank.  Thus,  the  applied  shpar  stiess 
dm  mg  unloading  was  larger  than  the  ai  trial  shear  stress  on  the  stiess  cell.  In 
brief,  shear  stress  horn  tire  stress  (.ell  is  generally  with  *10%  ol  the  applied 
shear  stress. 
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Figure  43.  Comparison  of  shear  stresses,  static  shear  test  1,  SFB-4. 


Applied  Shear  Stress  (psi) 


Percent  of  applied  shear  stress. 


Figure  44.  Comparison  of  shear  stresses,  static  shear  test  2,  SFB  5. 
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Vertical  stresses  Irorn  the  stress  cell,  computed  by  transformation,  were 
compared  with  the  applied  vertical  stresses  in  the  shear  tests  (Futures  4b,  47 
and  48)  to  verify  whether  the  law  ot  stress  transformation  can  he  applied  to 
the  stress  measurements  from  the  stress  cell.  Clearly,  the  trends  and  rnar|ni 
tildes  shown  in  Fujuies  46,  47,  and  48,  and  those  shown  in  Figures  19  lhrou<|h 
26  from  the  static  normal  tests  are  almost  identical.  Transformation,  then,  can 
he  applied  to  stress  measurements  from  the  stress  cell. 
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Figure  47.  Comparison  of  vertical  stresses,  static  shear  test  2,  SFB-5, 
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Figure  48.  Comparison  of  vertical  stresses,  static  shear  test  3,  SFB-3. 
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Dynamic  Tests 


General.  Tne  objective  ol  the  dynamic  tests  was  to  evaluate  the 
dynamic  response  ol  the  stress  cell  in  sand  under  a  blast  environment.  Only 
the  response  of  the  stress  cell  to  normal  stress  was  evaluated  in  these  tests. 

The  stress  influence  coefficients  and  equations  used  in  the  computation  of 
soil  stresses  from  the  stress  cell  data  were  the  same  ns  those  used  in  the  static 
normal  tests  because  the  dry  sand  used  in  the  tests  is  essentially  insensitive 
to  strain  rate. 

Tests  in  Blast  Simulator.  Data  horn  a  given  strain  gage  in  the  stress 
cell  for  different  tests  have  the  same  wave  shape;  howevet,  their  magnitudes 
varied  somewhat  Irom  test  to  test.  Typical  data  horn  the  stress  cell  and  the 
pressure  transducer  are  presented  in  Figuie  49.  From  Figure  49,  it  isappaient 
that,  except  for  the  lust  10  msec,  the  wave  forms  ol  the  data  horn  the  stress 
cell  and  those  from  the  pressure  transducer  are  similar.  The  pronounced 
oscillations  in  the  stress  cell  data  during  the  first  10  msec  were  caused  by  the 
response  of  tlte  blast  simulator  and  the  pipe  containing  the  sand  (Figuie  13). 
Vertical  and  hoii/ontdl  stiesses  were  computed  fiom  the  stress  cell  data  at 
various  selected  times.  Precise  determination  ol  stresses  horn  the?  stiess  cell 
data  immediately  altei  the  arrival  of  the  stress  wave,  however,  was  not  pos 
sible  because  the  stiain  data  from  Ihe  stress  cell  were  masked  by  the  reflections 
from  the  blast  simulator  and  the  pipe.  All  initial  data  peaks,  consequently, 
wete  obtained  by  backward  extrapolation  (dotted  lines  in  Figure  49).  Vein 
cal  stresses  born  the  stiess  cell  at  the  three  selected  limes  (E>,  30,  and  00  msec) 
were  compaied  with  the  cor  responding  dynamic  pressures  horn  thepiessure 
transducer  located  5-1/2  inches  above  Ihe  level  of  Ihe  stiess  cell  (Figuie  50). 

It  can  lie  seen  horn  Figuie  50  that  the  three  data  points  lot  each  test,  except 
lor  test  8,  ate  closely  giouped;  this  demonstrates  that  the  i espouse  ol  the 
stiess  cell  follows  the  decay  ol  the  overpressure  pulse.  A  moie  detailed  com 
par  ison  ol  the  ver  lical  stiess  Irom  the  stress  cell  with  the  applied  dynamic 
pressme  for  all  tests  is  presented  in  Figure  51.  The  vertical  stiesses  horn  the 
stress  cell  are  generally  vvthin  15%  absolute  ol  the  applied  dynamic  piessuies. 
The  aveiage  earth  pressme  coefficient  at  test  computed  Irom  the  stress  cell 
data  is  0.37. 

Tests  at  Point  Mugu.  Alter  each  test  at  Point  Mugu,  the  cavity  inside 
Ihe  steel  cylinder  (Figure  14)  was  lilted  with  damp  sand  horn  the  surcharge 
above.  The  plywood  box  lid,  initially  placed  on  the  top  of  ihe  cylindei ,  was 
adjacent  to  the  cylinder  with  its  bottom  side  i ip .  A  hole  about  14  inches  in 
diameter  was  cut  in  the  bottom  side  ol  the  plywood  box  lid.  Altei  removing 
the  damp  sand  in  the  cylinder  with  a  plastic  scoop,  it  was  lound  that  the 
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original  dry  sand  surface  had  moved  upward  about  6  inches  with  respect  to 
the  top  of  the  tank.  The  sand  surface  had  a  rather  fluffy  appearance.  More 
over,  the  stress  cells  moved  upward  along  with  the  surrounding  sand,  with 
their  Z-strain  gages  tilted  slightly  toward  the  wall  of  the  tank.  These  observed 
upward  displacements,  apparently,  were  caused  by  the  reflected  wave  from 
the  water  table  below  (Figure  14),  After  test  3,  stress  cell  SFB  4  had  a  small, 
superficial  crack  at  the  base  of  the  handle;  however,  all  its  strain  gages  were 
still  functioning  satisfactorily.  This  cracking,  caused  by  a  high  bending 
moment  at  that  location,  may  be  avoided  in  future  experiments  by  providing 
the  stress  cell  with  a  1  inch  handle  instead  of  the  2-1/2-inch  handle  used. 
Stress  cell  SFB  3  was  not  damaged. 

No  useful  data  were  obtained  from  the  first  test  because  the  instru 
mentation  was  not  grounded  properly.  Data  were  obtained  for  all  other  tests. 

The  data  from  corresponding  pressure  gages  used  in  tests  2  and  3 
were  similar.  The  data  from  corresponding  gages  within  the  stress  cells  for 
each  test  were  also  similar.  Strain  data  from  the  Z-strain  gage  in  SFB  3,  for 
example,  were  similar  to  the  corresponding  data  from  SFB  4.  Typical  data 
from  these  two  tests  are  presented  in  Figure  52.  The  wave  shapes  of  the 
overpressure  data  and  the  stress  roll  data  are  somewiiat  similar. 

Vertical  stresses  computed  from  the  stress  cell  data  were  compared 
with  the  applied  dynamic  pressure  (Figure  53).  From  Figure  53,  it  is 
apparent  that  the  stresses  from  the  stress  cell  are  only  about  one-fourth 
those  from  the  pressure  transducer.  This  large  difference  in  magnitudes  may 
have  been  caused  by  spatial  attenuation.  To  explore  this  possibility,  con¬ 
sider  the  contour  plot  of  the  vertical  stresses  below  a  circular  footing 
subjected  to  a  unit  pressure  (Figure  54).  Tfie  diameter  of  the  circular 
footing  is  14  inches,  the  same  dimension  as  the  hole  cut  in  the  bottom  of 
the  plywood  box  lid  of  the  test  chamber.  Locations  of  the  stress  cells  are 
plotted  to  scale,  corresponding  to  their  actual  locations  below  the  sand  sur 
face  (Figure  14)  inside  the  tank.  Clearly,  the  vertical  stress  at  the  location 
of  the  stress  cells  is  only  about  24%  of  the  applied  stress  on  top.  The  dia 
meter  of  the  pressure  front,  because  the  8  inch-diameter  explosive  charge 
was  placed  at  only  I  foot  above  the  sand  surface,  was  probably  only  slightly 
more  than  14  inches  when  it  hit  the  surface  of  the  sand.  The  vertical  stresses 
from  the  stress  cell,  as  a  consequence,  are  only  about  one  quarter  of  the 
applied  dynamic  pressures.  The  vertical  stress  from  the  stress  cell  (Figure  53) 
bet  rime  zero  at  3.5  msec,  when  the  reflet  ted  stress  wave  arrived  from  the 
water  table  below. 

The  validity  ol  dynamic  field  measurements  from  the  stress  cell  is 
still  open  to  question.  Further  dynamic  testing  of  the  stress  cell  should  be 
accomplished  to  resolve  the  remaining  uncertainties. 
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X  -direction 


Time  (msec) 


Figure  49.  Typical  stress  cell  data  and  overpressure  data 

from  dynamic  tests  in  NCEL  blast  simulator,  SFB  1. 


Figure  50.  Comparison  of  vertical  stresses,  dynamic 
tests  in  NCEL  blast  simulator,  SFB-1. 


FINDINGS  AND  CONCLUSIONS 

The  purpose  of  the  experiments  reported  was  to  evaluate  the  adequacy 
of  cue-ball  stress  cells  for  measuring  the  complete  state  ol  stress  at  a  point  in 
a  soil  field  under  static  or  dynamic  loading.  Their  operation  is  based  on  the 
deductions  from  elastic  theory  that  ( 1 )  the  response  of  a  stiff  spherical 
inclusion  is  insensitive  lo  changes  in  the  stiffness  of  the  encompassing  solid 
provided  that  the  modulus  ol  elasticity  of  the  inclusion  is  about  10  or  more 
times  the  maximum  corresponding  value  for  the  solid,  and  (2)  the  stresses 
along  a  given  direction  in  the  inclusion  are  essentially  constant. 

The  test  results  and  analysis  indicate  that; 

1.  The  stress  cell  requires  no  calibration. 

2.  The  stress  cell  behaves  linearly  under  hydrostatic  pressures  to 
3,000  psi  in  water. 

3.  Embedded  foil  strain  gages  in  the  stress  cell  have  negligible 
influence  on  the  strain  field  within  the  stress  cell. 

4.  The  stress  cell  response  is  insensitive  to  changes  in  soil  moduli 
foi  static  stresses  up  to  1,1 10  psi. 


55 


5.  Static  normal  stress  and  shear  stress  measurements  are  generally 
within  ±10%  of  the  actual  stresses. 


6.  Law  of  stress  transformation  can  be  applied  to  stress  measurements 
from  the  stress  cell. 

7.  The  dynamic  response  of  the  stress  cell  follows  the  rise  and  decay 
of  the  applied  dynamic  pressure  pulse. 

8.  Dynamic  stress  measurements  from  the  stress  cell  are  generally 
with  ±  15%  of  the  corresponding  pressure  in  the  blast  simulator. 

9.  Accuracy  of  dynamic  measurements  from  the  stress  cell  in  field 
experiments  is  still  uncertain. 


In  brief,  the  cue-ball  stress  cells  are  excellent  gages  for  making  static 
measurements  in  sand,  but  their  adequacy  for  dynamic  measurements 
requires  further  evaluation. 


RECOMMENDATIONS 

1.  Shorten  the  handle  of  the  stress  cell  from  2-1/2  inches  to  1  inch. 

2.  Test  the  dynamic  response  of  the  stress  cell  more  rigorously  in 
the  laboratory  and  in  the  field. 

3.  Test  a  FM  unit  that  puts  six  channels  of  dynamic  data  into  one 
channel  made  specially  for  the  stress  cell. 
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Pressure  transducer 


Figure  54.  Distribution  of  vertical  stresses  under  a  circular  footing. 
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Appendix 

CONFIGURATION  OF  STRAIN  GAGES  IN  STRESS  CELLS 


Nine  strain  gages  are  embedded  in  each  stress  cell  as  shown  in 
Figure  8.  Under  normal  operating  conditions  (that  is,  when  the  complete 
state  of  stress  at  a  point  in  soil  is  required),  only  the  X,  V,  Z,  XY45,  YZ45, 
and  ZX45  are  monitored.  Furthermore,  only  X,  Y,  and  Z  gages  are  moni 
tored  in  special  situations  where  only  normal  stresses  are  required.  The  135 
gages  (XY135,  YZ135,  and  ZX135)  are  redundant  and  not  used  unless  one 
or  more  of  the  other  gages  do  not  function.  These  135  gages,  however,  may 
be  used  if  the  user  desires  to  obtain  extra  data  for  checking  purposes.  An 
additional  orthogonality  check  (the  sum  of  three  mutually  orthogonal  strains 
at  a  point  in  an  elastic,  isotropic,  and  homogeneous  solid  is  a  constant)  can  he 
obtained  if  one  of  tfie  135  gages  is  monitored  in  normal  operating  conditions. 
Otherwise,  only  one  orthogonal  check  can  be  obtained  under  normal  operating 
conditions  when  the  135  gages  are  not  monitored. 

Moreover,  one  or  more  of  the  strain  gages  (X,  Y,  Z,  XY45,  YZ45, 
and  ZX45)  may  be  damaged  accidentally.  If  tins  occur;,  one  or  a  combination 
of  alternative  setups  can  be  used  to  obtain  the  required  st r  ai ns  as  follows: 

1.  One  oi  more  of  the  45  gages  not  working,  and  the  X,  Y,  and  Z 
gages  working — use  the  X,  Y,  and  Z  gages,  and  substitute  the  appropriate 
135  gage  for  the  corresponding  45  gage  that  is  not  working.  For  example, 
the  XY135  gage  is  used  when  the  XY45  gage  does  not  work  Compute  the 
required  shearing  strain  from  one  of  the  following  equations: 


Txy 

=  ex 

+  Cy 

*  2cXY135 

(24) 

Tyz 

= 

+  cz 

'  2cYZ135 

(25) 

Tzx 

=  Cz 

+  Cx 

*  2tzx135 

(26) 

2.  X  gage  not  working—  use  the  Y,  Z,  XY45,  YZ45,  and  XZ45  gages 
Use  the  YZ135  or  XZ135  gage,  whichever  is  appropriate  Compute  the  not 
mat  strain  in  the  X  direr  tion  with  one  of  the  equations  below: 

eX  =  CXY45  +  X  Y  1 35  "  eY  (27) 

eX  =  eZX45  +  eZX135  -  CZ  (28) 

Compute  the  required  shearing  strains  as  indicated  in  the  text. 
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3.  Y  gage  not  working— use  the  X,  Z,  XY45,  and  YZ45  and  ZX45 
gages.  In  addition,  use  the  YZ135,  or  the  XY135  gage.  Compute  the  normal 
strain  in  the  Y  direction  with  one  of  the  following  equations: 

eY  =  eYZ45  +  eYZ135  *  eZ  (29) 

eY  =  eXY45  +  CXY135  '  eX  •  (30) 

Compute  the  required  shearing  strain  as  indicated  in  the  text. 

4.  Z  gage  not  working— use  the  X,  Y,  XY45,  YZ45,  and  ZX45  gages. 
Also,  use  the  YZ135  gage  or  the  ZX135  gage.  Use  one  of  the  following 
equations  to  compute  the  normal  strain  in  the  Z-direction. 

eZ  =  eYZ45  +  CYZ135  *  CY  (31) 

eZ  =  fcZX45  +  eZX135  *  CX  (32) 

Again,  compute  the  required  shearing  strains  as  indicated  in  text. 
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list  of  symbols 


Shearing  strain  components  in 
reference  planes  of  inclusion 

Lame's  constant 

Normal  stress  components  in 
inclusion 

Normal  stress  components  in  host 
material 

Shear  stress  components  in 
inclusion 

Shear  stress  components  in  host 
material 

Poisson's  ratio  of  inclusion 
Poisson's  ratio  of  host  material 

Ks  Shear  stress  influence  coefficient 

X  Strain  gage  along  X  axis  of  stress 

cell 

XY45,  XY135  Strain  gages  in  XY-plane  of  stress 

cell 

Y  Strain  gage  along  Y-axis  of  stress 

cell 

YZ45,  YZ135  Strain  gages  in  YZ-plane  of  stress 

cell 

Z  Strain  gage  along  Z-axis  of  stress 

cell 

ZX45,  ZX135  Strain  gages  in  ZX-plane  of  stress 

cell 

ex,  eY,  e2  Normal  strain  components  in 

inclusion 

eXY45>  eYZ45>  eZX45  Strain  components  from  45-degree 
gage  in  each  reference  plane  of 
st mss  cell 


Eh 

G 

k 


Lateral  stress  concentration  factor 

Direct  stress  concentration  factor 

Volumetric  strain 

Young's  modulus  for  inclusion 

Young's  modulus  for  host  material 

Shear  modulus  for  inclusion 

Lateral  -normal  stress  influence 
coefficient 

Direct-normal  stress  influence 
coefficient 

Ratio  between  horizontal  and 
vertical  stress 


'I'xy-T'y  Z-T'ZX 

X 

°Xc-  °Yc*  °Zc 

,;Xh‘  °Yh-  °Zh 

rXYc-  tYZc'  tZXc 

TXYh>  TYZh-  TZXh 


